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FOREWORD

Halogenated volatile organic compounds, including chlorinated solvents, are the most frequently-
occurring type of soil and groundwater contaminant at Superfund and other hazardous waste sites in the
United States. The U.S. Environmental Protection Agency (EPA) estimates that, over the next several
decades, site owners will spend billions of dollars to clean up these sites. New technologies that are less
costly and more effective are needed to accomplish hazardous waste site remediation. As these new and
innovative technologies are being developed and used, site managers require information on how they
work, their performance to date, and how to evaluate their application at a particular site.

This report provides an overview of the fundamentals and field applicatioamsiaf bioremediation to
remediate chlorinated solvents in contaminated soil and groundviatsitu treatment is increasingly
being selected to remediate sites because it is usually less expensive, and does not require waste
extraction or excavation. In additian,situ bioremediation is more publicly acceptable than above-
ground technologies because it relies on natural processes to treat contaminants.

This document presents information at a level of detail intended to familiarize federal and state project
managers, permit writers, technology users, and contractorgvsitiol bioremediation. The report

describes how chlorinated solvents are degraded, how to enhance the process by the addition of various
materials and chemicals, design configurations, and the typical steps taken to evaluate technology
feasibility at a specific site. It also includes a list of technology vendors and nine case studies of field
applications.

It is important to note that this report cannot be used as the sole basis for determining this technology’s
applicability to a specific site. That decision is based on many factors and must be made on a case-by-
case basis. Technology expertise and sometimes treatability studies also are required to make a final
remedy decision.
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Abiotic

Adsorption

Advection

Aerobic

Aerobic oxidation
(cometabolic)

Aerobic oxidation
(direct)

Air- or bio-sparging

Anaerobic

Anaerobic reductive
dechlorination
(cometabolic)

Anaerobic reductive
dechlorination
(direct)

GLOSSARY OF KEY TERMS

Nonbiological process; also used to refer to nonbiological degradation
process.

Removal of a substance from air or water by collecting the substance on the
surface of a solid material; process used in pollution control systems such as
activated carbon adsorption systems.

The process of transfer of fluids (vapors or liquid) through a geologic
formation in response to a pressure gradient that may be caused by changes
in barometric pressure, water table levels, wind fluctuations, or infiltration.

Condition in which oxygen is present; also used to refer to a type of
microbe that requires oxygen to live and reproduce.

Microbial breakdown of a contaminant during which a contaminant is
oxidized by an enzyme or cofactor produced during microbial metabolism
of another compound with oxygen. In such a case, the oxidation of the
contaminant does not yield any energy or growth benefit for the microbe
mediating the reaction.

Microbial breakdown of a compound during which the compound serves as
an electron donor and as a primary growth substrate by the microbe
mediating the reaction. Electrons that are generated by the oxidation of the
compound are transferred to oxygen.

The process of injecting pressurized air beneath the water table to promote
mass transfer of volatile organic compounds out of the groundwater and
mass transfer of oxygen into the groundwater.

Condition in which no oxygen is present; also used to refer to a type of
microbe that is able to live and reproduce in the absence of oxygen.

A biodegradation reaction in which a chlorinated hydrocarbon is reduced by
an enzyme or cofactor produced during microbial metabolism of another
compound in an environment devoid of oxygen. In such a case,
biodegradation of the chlorinated compound does not yield any energy or
growth benefit for the microbe mediating the reaction.

A biodegradation reaction in which bacteria gain energy and grow as one or
more chlorine atoms on a chlorinated hydrocarbon are replaced with
hydrogen in an environment devoid of oxygen. In the reaction, the
chlorinated compound serves as the electron acceptor and hydrogen serves
as the direct electron donor. Hydrogen used in this reaction typically is
supplied indirectly by the fermentation of organic substrates. The reaction
is also referred to as halorespiration or dehalorespiration.

Vi
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Bioaugmentation

Bioenergetics

Biomass

Bioremediation

Capillary forces

Chlorinated aliphatic
hydrocarbons
(CAHSs)

Confining layer

Degradation

Dense non-aqueous
phase liquids
(DNAPL)

Diffusion

Dispersion

Electron acceptor

The addition of microbes to the subsurface where organisms able to degrade

specific contaminants are deficient. Microbes may be “seeded” from
populations already present at a site and grown in aboveground reactors or
from specially cultivated strains of bacteria having known capabilities to
degrade specific contaminants.

The energy and mass transfer kinetics that are defined by microbial cell
metabolism.

All the living material in a given area.

A process by which microorganisms, fungi, and plants degrade pollutant
chemicals through use or transformation of the substances.

Forces that govern fluid flow through small diameter pathways, such as in
subsurface soil particles.

Manmade, chlorine-containing organic compounds widely used as solvents
and degreasers in various industries. Typical CAHs include
tetrachloroethene (PCE), trichloroethene (TCE), dichloroethene (DCE), and
vinyl chloride (VC).

Impermeable layer (such as clay) that impedes the vertical migration of
groundwater or NAPL.

Chemical or biological breakdown of a complex compound into simpler
compounds. The breakdown may occur as a result of a single reaction or
multiple reactions.

Chlorinated solvents that are minimally soluble in water, more dense than
water, and present in concentrations large enough to form pools of free
liquid. DNAPLSs tend to sink and accumulate on a non-permeable layer
(aquitard) at the bottom of a confined aquifer.

The movement of suspended or dissolved particles (or molecules) from an
area of higher concentration to one in which concentrations are lower. This
process tends to distribute the particles or molecules more uniformly.

The process by which a substance or chemical spreads and dilutes in
flowing groundwater or soil gas.

A compound capable of accepting electrons during oxidation-reduction
reactions. Microorganisms obtain energy by transferring electrons from
electron donors, such as organic compounds (or sometimes reduced
inorganic compounds, such as sulfide), to an electron acceptor. Electron
acceptors are compounds that are reduced during the process and include
oxygen; nitrate; iron (lll); mangase (IV); sulfate; carbon dioxide; or, in
some cases, chlorinated aliphatic hydrocarbons, such as carbon
tetrachloride, PCE, TCE, DCE, and VC.
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Electron donor

Enhanced
bioremediation

Exogenous bacteria

(also called non-
indigenous)

Groundwater
recirculation
treatment system

Hydrophobicity
Metabolic

Methanogenic

Monitored natural
attenuation (also
known as Passive
bioremediation)

Nutrients

Sorption

Substrate

Volatilization

A compound capable of supplying (giving up) electrons during oxidation-
reduction reactions. Microorganisms obtain energy by transferring
electrons from electron donors, such as organic compounds (or sometimes
reduced inorganic compounds, such as sulfide), to an electron acceptor.
Electron donors are compounds that are oxidized during the process and
include fuel hydrocarbons and native organic carbon.

Bioremediation of organic contaminants by microbes supplemented by
increasing the concentration of electron acceptors, electron donors, or
nutrients in groundwater, surface water, and soil.

Bacteria that have been obtained from a source other than the native site.

A closed-loop, hydraulically-contained system based on a design of down-
gradient extraction and upgradient injections wells; sometimes referred to as
a recirculating treatment cell.

Tendency to repel water.
Having to do with the energy producing processes conducted in cells.

Referring to the formation of methane by certain anaerobic bacteria during
the process of anaerobic fermentation.

Use of natural subsurface processes, such as dilution, volatilization,
biodegradation, adsorption, and chemical reactions with subsurface
materials to reduce contaminant concentrations.

Elements required for microbial growth. In bioremediation, the term
generally refers to elements other than carbon, hydrogen, and oxygen that
are required to promote the growth of bacteria. Typical nutrients include
nitrogen and phosphorus.

The action of soaking up or attracting substances; a general term used to
encompass the processes of absorption, adsorption, ion exchange, and
chemisorption.

A source of energy or molecular building block used by a microorganism to
carry out biological processes and reproduce.

The process of transfer of a chemical from the aqueous or liquid phase to
the gas phase.

viii
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ADP
ATP
BFSS
CA
CAHs

CERCLA
CF

CFR

CM

Co,

CT

DCA

DCE

DNAPL

EPA

EPA REACH IT

Fe&
Fe
GW
H,0,

HCI
HRC
HS
LDR
LNAPL

MC
MNA
NAD
NAPL
ORC

LIST OF ACRONYMS

Adenosine diphosphate

Adenosine triphosphate

Bioremediation in the Field Search System
Chloroethane

Chlorinated aliphatic hydrocarbons

Comprehensive Environmental Response, Compensation, and Liability Act

Chloroform

Code of Federal Regulations
Chloromethane

Carbon dioxide

Carbon tetrachloride

Dichloroethane

Dichloroethene

Dense non-aqueous phase liquid

U.S. Environmental Protection Agency

EPA REmediation And CHaracterization Innovative Technologies

Zero-valent iron
Iron (Il) ion
Groundwater
Hydrogen peroxide

Hydrogen chloride

Hydrogen release compound
Hydrogen sulfide ion

Land Disposal Restrictions
Light non-aqueous phase liquid

Methylene chloride

Monitored natural attenuation
Nicotinamide adenine dinucleotide
Non-aqueous phase liquid
Oxygen release compound
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PCE
PRB
RCRA
TCA
TCE

uIC
UST
VvC

Tetrachloroethene

Permeable reactive barrier

Resource Conservation and Recovery Act
Trichloroethane

Trichloroethene

Underground Injection Control
Underground storage tank
Vinyl chloride
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1.0 INTRODUCTION

Halogenated volatile organic compounds (VOCSs), includhigrinated aliphatic hydrocarbons

(CAHSs)*, are the most frequently occurring type of contaminant in soil and groundwater at Superfund

and other hazardous waste sites in the United States. The U.S. Environmental Protection Agency (EPA)
estimates that cleanup of these sites will cost more than $45 billion (1996 dollars) over the next several
decades (EPA, 1997). Innovative technologies, incluidirsitu bioremediation, are being developed

and implemented in an effort to reduce the cost and time required to clean up thode sites.

bioremediation is increasingly being selected to remediate hazardous waste sites because, when
compared to above-ground technologies, it is usually less expensive, does not require waste extraction or
excavation, and is more publicly acceptable as it relies on natural processes to treat contaminants.

This report provides an overview of the fundamentals and field applicatioamsiof bioremediation of

CAHs in contaminated soil and groundwater, including a summary of currently-available information on
the mechanisms and technologies used to impleimesitu bioremediation. The report is intended to
familiarize those involved with hazardous waste site cleanups, including site project managers,
contractors, and other technology users, witsitu bioremediation. As such, the level of detail included

in the report about bioremediation mechanisms, technologies, and implementation is meant to provide
basic information about the technology, rather than providing an in depth primeirabibwit

bioremediation. Therefore, the report should be used for informational purposes, but should not be used
as the sole basis for determining the use of this technology at a specific site. Such decisions must be
made on a case-by-case basis, considering site-specific factors. Information included in this report is not
intended to revise EPA policy or guidance concerning site clean up.

Section 2 of this report provides a description of bioremediation mechanisms, including the fate and
transport processes addgradation mechanisms. Section 3 describes the types of technologies used for

in situ bioremediation, including approaches used to design remedial systems. Information about vendors
of in situbioremediation at sites contaminated with CAHSs is also provided. Section 4 discusses the steps
involved with the selection and implementatiorirogitu bioremediation as a site remedy, including

factors typically considered. The references used in preparing this report are presented in Section 5.
Section 6 includes a list of additional information sources providing further detail iakstut

bioremediation.

Appendix A provides nine case studies of applicatioris situ bioremediation of CAHs at Superfund

and other sites. Of the eight groundwater projects, three involved field demonstratiensbd

oxidation (cometabolic) three were full-scale projects that usederobic reductive dechlorination

one was a field demonstration that used a combination of aerobic oxidation (cometabolic) and anaerobic
reductive dechlorination, and one was a field demonstratibioatigmentation The one soil project

was a field demonstration of aerobic oxidation (cometabolic).

'Key terms used in this report are defined in a glossary, and shown in bold print.
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2.0 BIOREMEDIATION MECHANISMS

This section provides background information abowitu bioremediation at sites contaminated with
CAHs, including:

. Typical CAHs (Section 2.1)

. Physical and chemical properties of CAHs (Section 2.2)

. Processes that transport CAHs through the subsurface (Section 2.3)

. Biological and chemical mechanisms that can degrade CAHs (Section 2.4)

More detailed information about the physical and chemical characteristics of CAHs and the subsurface
transport processes of CAHs can be found in the references listed in Section 6.0 of this report.

2.1 TYPICAL CAHs

CAHs are manmade organic compounds. They typically are manufactured from naturally occurring
hydrocarbon constituents (methane, ethane, and ethene) and chlorine through various processes that
substitute one or more hydrogen atoms with a chlorine atom, or selectively dechlorinate chlorinated
compounds to a less chlorinated state. CAHs are used in a wide variety of applications, including use as
solvents and degreasers and in the manufacturing of raw materials. CAHSs include such solvents as
tetrachloroethene (PCE), trichloroethene (TCE), carbon tetrachloride (CT), chloroform (CF), and
methylene chloride (MC).

Historical management of wastes containing CAHs has resulted in contamination of soil and
groundwater, with CAHs present at many contaminated groundwater sites in the United States. TCE is
the most prevalent of those contaminants (U.S. Air Force 1998). In addition, CAHs and their
degradation products, including dichloroethane (DCA), dichloroethene (DCE), and vinyl chloride (VC),
tend to persist in the subsurface. Exhibit 2-1 lists the CAHs most commonly identified as environmental
contaminants, their abbreviations, their common names, and the types of waste from which they
commonly originate. Exhibit 2-2 presents the molecular structures of those CAHs.

2.2 PHYSICAL AND CHEMICAL PROPERTIES OF CAHs

The physical and chemical properties of CAHs govern their fate and transport in the subsurface
environment. The number of substituted chlorine atoms on the CAHSs directly affects their physical and
chemical behavior. As the number of substituted chlorine atoms increases, molecular weight and density
generally increase, and vapor pressure and aqueous solubility generally decrease. Exhibit 2-3 lists
pertinent physical and chemical data for the CAHs commonly identified as subsurface contaminants.

2-1
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Exhibit 2-1: CAHs Commonly Identified as Environmental Contaminants

Name | Common Name(s) | Abbreviatioh | Common Waste Sources

CHLORINATED ETHENES

Tetrachloroethene(-ethylene) Perchloroethene PCE Solvent waste

Trichloroethene(-ethylene) None TCE Solvent waste, degradation product of
PCE

cis-1,2-Dichloroethene(-ethylene) | Acetylene dichloride cis-DCE Solvent waste, degradation product o
PCE and TCE

trans-1,2-Dichloroethene Acetylene dichloride trans-DCE Solvent waste, degradation product

(-ethylene) PCE and TCE Or

1,1-Dichloroethene(-ethylene) Vinylidene chloride 1,1-DCE Solvent waste, degradation product off
1,1,1-TCA

Chloroethene(-ethylene) Vinyl chloride VvC Polyvinyl chloride production waste,

degradation product of PCE and 1,1,1-
TCA

CHLORINATED ETHANES

monochloromethane

1,1,1-Trichloroethane Methyl chloroform 1,1,1-TCA Solvent waste
1,1,2-Trichloroethane Vinyl trichloride 1,1,2-TCA Solvent waste
1,2-Dichloroethane Ethylene chloride 1,2-DCA Solvent waste, degradation product o
1,1,2-TCA
1,1-Dichloroethane Ethylidene chloride 1,1-DCA Degradation product of 1,1,1-TCA |
Chloroethane None CA Refrigerant waste, tetraethyl lead L
manufacturing waste, degradation prodyjct
of1,1,1-TCA and 1,1,2-TCA
CHLORINATED METHANES
Tetrachloromethane Carbon CT Solvent waste, fire extinguisher waste
tetrachloride
Trichloromethane Chloroform, CF Solvent waste, anesthetic waste, wastg
methane trichloride degradation product of CT
Dichloromethane Methylene chloride MC Solvent waste, degradation product of ¢JT
methylene dichloride
Chloromethane Methyl chloride, CM Refrigerant waste, degradation product

—

CT

Notes

*Abbreviations are based on the names in bold italic type.
Sources: Sawyer and others 1994; Merck 1989



Engineered Approaches lio SituBioremediation of Chlorinated Solvents

Exhibit 2-2: Molecular Structures of Common CAHs

Chlorinated Ethenes
Cl Cl H Cl Cl Cl
AN /7 AN 7/ AN
Cc=C C=C Cc=C
Ve AN / N\
Cl Cl Cl Cl H H
Perchloroethene Trichloroethene cis-1,2-
Dichloroethene
Cl H Cl H H H
AN /7 AN 7/ AN /7
c=C c=C c=C
/7 AN 7/ AN /7 AN
H Cl Cl H Cl H
Trans-1,2- 1,1-Dichloroethene : ;
Dichloroethene Vinyl Chloride
Chlorinated Ethanes
Cl H Cl H
| | | |
Cl—-C—C-H Cl-C—C-Cl
| | | |
Cl H H H
1,1,1-Trichloroethane 1,1,2-Trichloroethane
H H H H H H
I | I I I I
Cl-Cc—C-2C¢l Cl-C—C-H H-C—C-H
| | | | | |
H H Cl H Cl H
1,2-Dichloroethane 1,1-Dichloroethane Chloroethane
Chlorinated Methanes
Cl H H H
| | | |
Cl-C-—_Cl Cl-C-CcCl Cl-C—-H H-C—-H
| | | |
Cl Cl Cl Cl
Carbon Tetrachloride Chloroform Methylene Chloride Chloromethane

Source: Modified from Sawyer and others 1994
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Exhibit 2-3: Chemical and Physical Properties of CAHs

Number of
Substituted Molecular Aqueous Log Koy Henry’s Law
Chlorine Weight Liquid Density (g/ml Solubility (mg/L Vapor Pressure (Octanol/Water Constant
Compound Atoms (g/mole)} @ 20 °F/4 °C) @ approx. 25C)? | (mm Hg @ 25°C)? | Partition Coefficient)? (atm-m*mol)®
Chlorinated Ethenes
PCE 4 165.8 1.62 150 17. 2.6p 0.014s3
TCE 3 131.4 1.46 1,100 57. 2.3 0.0qSPl
cis-DCE 2 96.9 1.28 3,50( 208 0.7p 0.0CHW
trans-DCE 2 96.9 1.28 6,30 324 0.48 0.0Q72
1,1-DCE 2 96.9 1.21 2,25( 60 s 0.018
VC 1 62.5 gas 2,670 2,66 1.3 0.315[p)
Chlorinated Ethanes
1,1,1-TCA 3 133.4 1.34] 1,50¢ 1238 2.90 0.008
1,1,2-TCA 3 133.4 1.44 4,50( 3 2.4 0.0042
1,2-DCA 2 99.0 1.26 8,52( 64 1.48 0.000H’S
1,1-DCA 2 99.0 1.18 5,500 184 1.7p 0.00&9
CA 1 64.5 gas 5,700 1,064 1.52t02.16 () 0.04185
Chlorinated Methanes
CT 4 153.8 1.59 757 9Q 2.64 0.03‘H4
CF 3 119.4 1.48 8,200 15] 1.9y 0.004”35
MC 2 84.9 1.33 20,000 364 1.3 0.002p8
CM 1 50.5 gas 6,500 4,31 0.9p 0.0452 |f5)

Notes:

1. Data from Merck Index 1989

2. Data from EPA 1986

3. Data from Gossett 1987
4. Data from EPA 1998

5. Data from EPA 1998a

“Gas” is indicated for liquid density of VC, CA, and CM because they are pure compounds that are gasses under typicahehooualitions.
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2.3 TRANSPORT PROCESSES

A CAH released to the subsurface as a pure organic liquid (commonly referred to as non-aqueous phase
liquid [NAPL] in the subsurface) will seek phase equilibrium (a condition in which all acting influences
are canceled by others, resulting in a stable, balanced, or unchanging system). The CAH will remain as a
NAPL, adsorb to soil, dissolve in groundwater, or volatilize into soil gas to the extent defined by the
physical and chemical properties of the individual CAH and the subsurface environment. Partition
coefficients, which are related to thgdrophobicity and aqueous solubility of a CAH, define the extent

to which a CAH will partition between NAPL, adsorb to soil, and dissolve in groundwater. The vapor
pressure of a CAH defines the extent to which it will partition between NAPL or NAPL adsorbed to soil
and the soil gas. CAHSs dissolved in groundwater will also partition themselves between the dissolved
phase and the vapor phase, as defined by their Henry’'s Constant. Exhibit 2-4 shows those mechanisms
by which CAHs transfer phases in an attempt to reach equilibrium conditions and their related properties.

Exhibit 2-4: Phase Equilibrium Mechanisms
and Defining Properties of CAHs

SOIL GAS

VOLATILIZATION
vapor pressure

ADSORPTION

GROUND ™ . >
partition coefficient SOIL
TE DISSOLUTION

Source: Modified from Huling, S.G. and J.W. Weaver 1991

Most of the CAH NAPLs discussed in this report are denser than water (referregettssasion-

aqueous phase liquids [DNAPLs]) The exceptions are vinyl chloride, chloroethane, and

chloromethane, which are gaseous in their pure phase under standard conditions. DNAPLs tend to sink
through both unsaturated and saturated permeable soils until they reach the lowest point on the top of a
confining layer. NAPLs that are less dense than water (referred to as light non-aqueous phase liquids
[LNAPL]) will sink through unsaturated permeable soils and float on the water table, migrating to the
lowest water table elevation. In additi@apillary forces can trap NAPLs in porous media above or

below the water table.

In addition to transferring phases in an attempt to reach equilibrium conditions, CAHs can migrate in the
subsurface in their non-aqueous, aqueous, and vapor phases by both active and passive processes. In
active processes, suchaectionand dispersion, CAHs migrate along with the flow of the

groundwater or soil gas to which they are partitioned. Passive processes,ditfcisias, are the result

of concentration gradients, which cause the CAH to seek phase and concentration equilibrium with its
surrounding environment. The extent of subsurface migration is a function of the volume of CAH
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released, the area over which the release occurs, the duration of the release, and the chemical and
physical properties of both the CAH and the subsurface environment.

Typically, releases of CAHs to the groundwater result in the formation of a plume; releases to soil result
in subsurface soil contaminated with CAH constituents. In soil, CAHSs typically are transported by the
flow of DNAPL or diffusion in soil-gas vapor. In groundwater, advective transport (the movement of
contaminants by flowing groundwater) is one of the most important processes that affect the transport of
dissolved CAHSs. In general, the more soluble the compound, the further it will be transported in the
subsurface. For example, based on solubility data provided in Exhibit 2-3, MC and CF would be
transported more readily in groundwater that PCE and CT. Exhibit 2-5 presents an example of
subsurface transport processes.

Exhibit 2-5: Example CAH Subsurface Transport Processes (DNAPL Source)

(L T A T

Diffusionin vapor/

5|_ffusioAQ1 vapor

\
CE YRR RN DNAPL EEEREEEREREEROEOOOO - GW ﬂOW
Diffusion in migration Advection
Gw by gravity with GW

Fractured
bedrock

Source: Modified from Sims and others 1992
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2.4 DEGRADATION MECHANISMS

Bioremediation of CAHs can occur through natural mechanisms (intrinsic bioremediation) or by
enhancing the natural mechanismshanced bioremediatiol.! For a few CAHs (for example, 1,1,1-

TCA and CT), degradation also can also occur by abiotic (honbiological) mechanisms. In most systems,
biological degradation tends to dominate, depending on the type of contaminant and the groundwater
chemistry (EPA 1998). Although a number of biological degradation mechanisms have been identified
theoretically and observed on a laboratory scale, the bioremediation mechanisms carried out by bacteria
that typically are used for enhanced bioremediation of CAHs generally can be classified into one of the
following mechanism categories:

. Aerobic oxidation (direct and cometabolic)
. Anaerobic reductive dechlorination (direct and cometabolic)

While aerobic oxidation and anaerobic reductive dechlorination can occur naturally under proper
conditions, enhancements such as the addition of electron donors, electron acceptors, or nutrients help to
provide the proper conditions for aerobic oxidation or anaerobic reductive dechlorination to occur. In
general, highly chlorinated CAHs degrade primarily through reductive reactions, while less chlorinated
compounds degrade primarily through oxidation (Vogel and others 1987b). Highly chlorinated CAHs

are reduced relatively easily because their carbon atoms are highly oxidized. During direct reactions, the
microorganism causing the reaction gains energy or grows as the CAH is degraded or oxidized. During
cometabolic reactions, the CAH degradation or oxidation is caused by an enzyme or cofactor produced
during microbial metabolism of another compound. CAH degradation or oxidation does not yield any
energy or growth benefit for the microorganism mediating the cometabolic reaction.

Exhibit 2-6 presents a summary of the nomenclature of microbial biodegradation and ecology. As shown
in Exhibit 2-6, biodegradation involves the production of energy in a redox reaction within a bacterial
system. This includes respiration and other biological functions needed for cell maintenance and
reproduction. Ecology involves the different types of bacteria electron acceptor classes, such as oxygen-,
nitrate-, manganese-, irohl}-, sulfate-, or cabon dioxide-reducing, and their corresponding redox
potentials. Redox potentials provide an indication of the relative dominance of the electron acceptor
classes.

! Although the subject is not covered in this report, CAHs can also be degraded or otherwise removed from soil and

groundwater by larger organisms (such as trees), in a process referred to as phytoremediation. References and
additional information sources for phytoremediation are listed in Sections 5.0 and 6.0 of this report, respectively.
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Exhibit 2-6: Microbial Biodegradation and Ecology

For the most part, the microorganisms that carry out the
bioremediation of the CAHSs are single-celled procaryotic
bacteria. As living organisms, the bacteria require a

source of food to survive and propagate. This

requirement, or the bioenergetics of a bacterial system, is
defined by the thermodynamics of the processes used by
the microbes to derive energy and raw materials from
substrates and to use them to carry on biological processes
and reproduce. The figure below depicts the basic
bioenergetics of a typical microbial system.

ADP = adenosine diphosphate

Electron
acceptor
—— Material Flow
r—» Respiration —@
donor source
Other cellular
raw material
source

Reproduction

=——=> Energy Flow

Biological functions

ATP = adenosine triphosphate

In general, the mediating bacteria collect energy in the
form of electrons by a chemical reduction-oxidation
(redox) reaction (or photosynthesis). The energy is
generated in a redox reaction from the transfer of
electrons from an electron donor (the organic contaminant
in aerobic oxidation (direct)) to an electron acceptor
(oxygen in an aerobic reaction). The energy gained is
stored as high energy compounds, such as ATP and low-
energy compounds, such as nicotinamide adenine
dinucleotide (NAD). A portion of the stored energy is
used to conduct the biological processesessary for cell
maintenance and reproduction. In addition, cell building-
block materials are required in the form of carbon and
other nutrients (such as nitrogen and phosphorus). The
thermodynamics of a given system defines the energy that
is available from a substrate, the energy transfer efficiency
losses that will occur, and the portion of the available
energy that will be used for reproduction versus the
portion that will be used for cell maintenance.

Bacteria generally are categorized by 1) the means by
which they derive energy, 2) the type of electron donors
they require, or 3) the source of carbon that they require.

Typically, bacteria that are involved in the
biodegradation of CAHSs in the subsurface are
chemotrophs (bacteria that derive their energy from
chemical redox reactions) and use organic compoun
electron donors and sources of organic carbon
(organoheterotrophs). However, lithotrophs (bacterial
that use inorganic electron donors) and autotrophs
(bacteria that use carbon dioxide as a carbon source)
may be involved in degradation of CAHs.

CAH-degrading bacteria are classified further by the
electron acceptor that they use, and therefore the type
zone that will dominate in the subsurface (for example
an aerobic zone will dominate when aerobes are pres
The typical electron-acceptor classes of bacteria are |
below in the order of those causing the largest energy
generation during the redox reaction to those causing
smallest energy generation during the redox reaction.
bacteria electron acceptor class causing a redox reac
generating relatively more energy will dominate over &
bacteria electron acceptor class causing a redox reac
generating relatively less energy.

Dominance
(as Predominant Approx-
determined Bacteria CAH imate
by relative Electron Biodegrada- Redox
energy Acceptor tion Potential
generation Class Mechanism (volts)*
Oxygen- .
reducing Ae_rdobl_c +0.82
Most (aerobes) oxidation
dominant -
Nltrat_e— +0.74
| reducing
| Mangane
| se (IV)- +0.52
I reducing
Iron (1ll)-
I reducing | Reductive L
| . dechlorination
| veduom 022
9
V
Carbon
|Least dioxide-
dominant reducing -0.24
(methana-
trophs)

Standard redox potentials at pH of 7

is as
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Y
)

ent).
sted
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A
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1
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Exhibit 2-7 shows the redox zones of a typical petroleum plume in an aerobic aquifer, showing the
progression from the source area to the edge of the plume. A plume moving with groundwater flow
typically will develop distinct redox zones (bacteria will use the electron acceptor that causes the most
energy to be generated during the redox reaction when compared with the energy generated from redox
reactions using other available electron acceptors). As Exhibit 2-7 shows, once an electron acceptor is
depleted, a new redox reaction with the electron acceptor that will result in the next largest generation of
energy during the redox reaction will dominate. The dominant redox reaction will determine the type of
bacteria that typically will exist in a particular zone and determine the CAH biodegradation mechanisms
that may occur.

Exhibit 2-7:  Redox Zones of a Typical Petroleum Plume in an Aerobic
Aquifer (Areal View)

Leading Edge of Plume

i N\ Sulfate Iron (II) Nitrate & Oxygen
Contaminant \ Methanogenic Reducing ) Reducing Manganese (IV) Reducing
Source Lotz Zone Zone Reducing (Aerobic)
Zone Zone Tone

Groundwater Flow

Source: Modified from Anderson, R.T. and D.R. Lovley 1997

Exhibit 2-8 provides a summary of information available for each degradation mechanism. The
degradation mechanisms that typically occur in the biodegradation of each CAH are summarized in
Exhibit 2-9, while Exhibit 2-10 presents a summary of the constituents involved in the redox reactions
that support each mechanism. Information presented in Exhibit 2-10 was derived from a humber of
literature sources and from the case studies included in Appendix A of this report.

The remainder of this section presents a more detailed discussion about each of the mechanisms

including the specific CAHs that they can degrade, the types of conditions (aerobic or anaerobic) under
which they occur, and information about the biology or chemistry of each mechanism.
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Exhibit 2-8: Selected Information on CAH Degradation Mechanisms

Degradation
Mechanism CAH Conditions Reported Bacteria Reported Rate Data Product Source
AEROBIC OXIDATION
Aerobic oxidation DCE, VC Aerobic Not reported Observetf-arder Michaelis-Menton| CO, Bradley and
(direct) kinetics (V.= 5.1 and 12.4 Chapelle 1998
umol/L/D for DCE and VC,
respectively)
DCE, VC, DCA, Aerobic Not reported Not reported GO RTDF 1997
CA, MC, CM
Aerobic oxidation TCE Aerobic, electron donor (phenol,| Burkholderia cepaci&4, Not reported CQ Munakata-Marr
(cometabolic) toluene, benzene) PR1,, 1997; McCarty
and others 1998
TCE Aerobic, electron donor (toluene Not reported stofider Not Petrovskis and
0.26-0.4 mol/d reported others 1995
TCE, DCE, VC, Aerobic, electron donor Not reported Not reported CO RTDF 1997
TCA, CF, MC (methane, aromatics, ammonia)
ANAEROBIC REDUCTIVE DECHLORINATION
Anaerobic reductive PCE, TCE, DCE, | Anaerobic, electron donor PER-K23,Dehalospirillium | Zero-order dechlorination kinetics fof Ethene, Hollinger 1993;
dechlorination VC, DCA (hydrogen or fermentive multivorans Dehalobacter | PCE, TCE, cis-DCE and first-order | ethane Smatlak 1996;
(dehalorespiration) hydrogen source), relatively low | restrictus,Dehalococcus for trans-DCE and VC; total Tandol 1994;
Hydrogenpartial pressure ethenogenes degradation of ~4.6 umol PCE/mg Yager 1997,
VSS/day ITRC 2000
TCE Anaerobic, electron donor Alcaligenes;(for example, Michaelis-Menton kinetics Ethene Harkness and
(lactate, methanol butyrate, hydrogenopheyaresent in others 1999
glutamate 1,2-propanediol, culture derivedrom soil)
toluene)
PCE, TCE, c- Anaerobic, electron donor Not reported Michaelis-Menton kinetics Not Ballapragada and|
DCE, VC (Hydrogen, propionate or lactate reported others 1997
PCE Anaerobic, electron donor Not reported 1.24 mg PCE mg /volatile suspendgdNot DeStefano 1992
(methanol) solids (VSS)/d reported
TCE Not reported Not reported storder 0.2-4.8 yt Not Wilson and
reported others, 1996
DCE Not reported Not reported storder 0.5-9.4 yt Not Wilson and otherg
reported 1996
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Exhibit 2-8: Selected Information on CAH Degradation Mechanisms (continued)

Degradation
Mechanism CAH Conditions Reported Bacteria Reported Rate Data Product Source
Anaerobic reductive VC Anaerobic, iron-reducing Not reported Michaelis-Menton Vmax = 0.76 Not Bradley and
dechlorination (direct) conditions in aquifer umol/L-d reported Chapelle 1996
(dehalorespiration)
(continued)
VC Anaerobic, methanogenic Not reported Michaelis Menton Not Bradley and
conditions in aquifer Vmax = 0.19 umol/L-d reported Chapelle 1997
Anaerobic reductive PCE, TCE, DCE, | Anaerobic, electron acceptor Methanosarcina barkeri, 0.84 and 2.34 nmol PCE/mg Ethene, Fathepure 1987
dechlorination VC, DCA (nitrate, sulfate), electron donor | Desulfomonile tiedjei protein/day converted to TCE ethane
(cometabolic) (hydrogen)
PCE, TCE, CT Anaerobic, electron acceptor Methanogens, denitrifiers, | Not reported Ethene, Workman 1997;
(nitrate, sulfate), electron donor | sulfate reducers methane Yager 1997
(hydrogen)
CT Anaerobic, electron acceptor Shewanellgutrefaciens Not reported CF, MC Petrovskis and
(Fefln) MR-1 others 1995
ABIOTIC MECHANISMS
Reductive dechlorination| CT, CF Anaerobic, metal cofactor, Abiotic Ten-fold rate increase over Methane Workman 1997
(abiotic) corrinoid, or porphyrin catalyst cometabolic reductive dechlorinatior]
(reduced vitamin B)
Hydrolysis TCA, CA,CM Not reported Abiotic Not reported Acetic RTDF 1997; EPA
acid, 1998
ethanol
Hydrolysis TCA Highly Abiotic Half life of approximately 2 years Possibly | McNab and Nara
oxidized DCE, simhen 1994
groundwater acetic acid
Elimination TCA, CA,CM Not reported Abiotic Not reported DCE RTDF, 1997;
EPA, 1998
Elimination, hydrolysis TCA Abiotic 1*' order (at each temperature) DCE, Haag and Mill,
10°C 0.058-0.06 yt acetic acid | 1988; Cline and
15°C 0.137-0.145 yt Delfino 1989;
20°C 0.31-0.34 y¢ Jeffers and otherg
1989
Elimination, hydrolysis TCA Abiotic Avg. Half Life (at each temperature) | DCE, Haag and Mill,
10°C 12 yr acetic acid | 1988; Cline and
15°C 4.9 yr Delfino, 1989;
20°C 0.95 yr Jeffers et al., 198
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Exhibit 2-9: Biodegradation Mechanisms Typically Occurring
During Enhanced In Situ Bioremediation of CAHs

Aerobic Oxidation Anaerobic Reductive Dechlorination

CAH Direct Cometabolic Direct Cometabolic
CHLORINATED ETHENES
PCE X X ® °
TCE X ° [ °
cis-DCE X ° [ °
trans-DCE X ° [ °
1,1-DCE X ° ° )
VvC ° ® [ °
CHLORINATED ETHANES *
1,1,1-TCA X ° X °
1,2-DCA ® X X )
1,1-DCA ® X X )
CA X X X X
CHLORINATED METHANES
CT X X X ®
CF X ° X °
MC ° ° ° °
CM ® ® X X

nsufficient information was available for 1,1,2-TCA.
KEY:
L Typically occurring
X Not typically occurring

Sources: RTDF 1997; ITRC 1998; EPA 1998

Exhibit 2-10: Constituents Involved in Biodegradation Mechanisms for
EnhancedIn Situ Bioremediation of CAHs

Electron
Biodegradation Electron Donor Acceptor
Mechanism Carbon Source (Reductant) (Oxidant) Comments
Aerobic oxidation CAH CAH Oxygen Only less chlorinated CAH$
(direct) can be degraded
Aerobic oxidation Organic carbon Cometabolite (e.d.,Oxygen CAH oxidized by
(cometabolic) toluene, methane cometabolic mechanism
propane)

Anaerobic reductive Organic carbon or Hydrogen CAH Greater chlorinated CAHs
dechlorination (direct) | CO, are more readily available
Anaerobic reductive Other organic carbony Hydrogen Cometabolic CAH reductively
dechlorination or CG, electron acceptor | dechlorinated by
(cometabolic) cometabolic mechanism

Sources: RTDF 1997; ITRC 1998; EPA 1998
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2.4.1 Aerobic Oxidation

In aerobic zones of the subsurface (zones of the subsurface where oxygen is present), certain CAHs can
be oxidized to carbon dioxide, water, and chloride by direct and cometabolic mechanisms (Hartman and
DeBont 1992; McCarty and Semprini 1994; Malachowsky and others, 1994; Gerritse and others, 1995;
Bielefeld and others 1995; Hopkins and McCarty 1995). Direct mechanisms are more likely to occur
with the less chlorinated CAHs (mono- and di-chlorinates). In general, the more chlorinated CAHs can
be oxidized by cometabolic mechanisms, but no energy is provided to the organism. Incidental oxidation
is caused by enzymes intended to carry out other metabolic functions. Generally, direct oxidation
mechanisms degrade CAHs more rapidly than cometabolic mechanisms (McCarty and Semprini 1994)
(refer to the following case studies in Appendix Aerobic Degradation in Field Demonstration at

Moffett Naval Air Station, Mountain View California [Moffett Fielderobic Degradation Field
Demonstration at Site 19, Edwards Air Force Base, California[Edwards AABthane Enhanced
Bioremediation Using Horizontal Wells at Savannah River Site, Aiken, South Carolinaf3RS]
Cometabolic Bioventing at Building 719, Dover Air Force Base, Dover, Delaware[Dover Buildinyy 719]

Aerobic Oxidation (Direct)

Aerobic oxidation (direct) is the microbial breakdown of a compound in which the compound serves as
an electron donor and as a primary growth substrate for the microbe mediating the reaction. Electrons
that are generated by the oxidation of the compound are transferred to an electron acceptor such as
oxygen.

In addition a microorganism can obtain energy for cell maintenance and growth from the oxidized
compound (the compound acts as the reductant). In general, only the less chlorinated CAHs (CAHs with
one or two chlorines) can be used directly by microorganisms as electron donors. CAHs that can be
oxidized directly under aerobic conditions include DCE, DCA, VC, CA, MC, and CM (Bradley 1998;
RTDF 1997; Harkness and others 1999). The CAHSs are oxidized into carbon dioxide, water, chlorine,
and electrons, in conjunction with the reduction of oxygen to water. Exhibit 2-11 shows an example of
aerobic oxidation (direct) of a CAH.

Exhibit 2-11: Aerobic Oxidation (Direct)

OXIDIZED

CO, +H,0
+ Cl + energy

CAH

Bacterial
Enzymes

REDUCED HZO

Source: Modified from Hartmans and DeBont 1992
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Aerobic Oxidation (Cometabolic)

Aerobic oxidation (cometabolic) is the microbial breakdown of a contaminant in which the contaminant
is oxidized incidentally by an enzyme or cofactor produced during microbial metabolism of another
compound. In such a case, the oxidation of the contaminant does not yield any energy or growth benefit
for the microorganism involved in the reaction.

The CAHs that have been observed to be oxidized cometabolically under aerobic conditions include
TCE, DCE, VC, TCA, DCA, CF, and MC (Munakata-Marr 1997; McCarty and others 1998; RTDF 1997;
Edwards and Cox 1997; McCarty 1997a; Bradley and Chapelle 1998; Travis and Rosenberg 1997). The
electron donors observed in aerobic oxidation (cometabolic) include methane, ethane, ethene, propane,
butane, aromatic hydrocarbons (such as toluene and phenol), and ammonia. Under aerobic conditions, a
monooxygenase (methane monooxygenase in the case of methanotrophic bacteria) enzyme mediates the
electron donation reaction. That reaction has the tendency to convert CAHs into unstable epoxides
(Anderson and Lovley 1997). Unstable epoxides degrade rapidly in water to alcohols and fatty acids,
which are readily degradable. Exhibit 2-12 shows an example of aerobic oxidation (cometabolic) of a
CAH.

Exhibit 2-12: Aerobic Oxidation (Cometabolic)

TOLUENE CO, +H,0 + energy

CAH EPOXIDE

rapidly
in water

alcohols &
organic
acids

Source: Modified from McCarty and others 1998

Wilson and Wilson (1985) were the first to observe that the simultaneous addition of methane and
oxygen can stimulate biodegradation by aerobic oxidation (cometabolic) of TCE in aquifer material.
Subsequently, that approach was tested in the field at Naval Air Station (NAS) Moffett Field, California.
Intermittent pulses of oxygen and methane were provided to the subsurface, bringing abaitithe
stimulation of biodegradation of TCE, c-DCE, and VC in a contaminated aquifer (Semprini and others
1990). The strategy has been applied successfully to biodegradation of CAHs at a variety of other sites
(McCarty and others 1991; Travis and Rosenberg 1997).

Although the studies have demonstrated that addition of methane is an effective means of stimulating
cometabolic biodegradation of CAHs, additional field studies at the Moffett test site have shown that
toluene and phenol can be more effective electron donors than methane in the stimulation of cometabolic
biodegradation of TCE, ¢c-DCE, and VC in groundwater (Hopkins and others 1993; Hopkins and

McCarty 1995).
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2.4.2 Anaerobic Reductive Dechlorination

Under anaerobic conditions, reductive dechlorination mechanisms can effectively biodegrade CAHSs.
Reductive dechlorination generally involves the sequential replacement of a chlorine atom on a CAH
with a hydrogen atom (that is, converting PCE to TCE to DCE, and so on) and has been observed to
occur both directly and cometabolically. In anaerobic reductive dechlorination (direct), the mediating
bacteria use the CAH directly as an electron acceptor in energy-producing redox reactions. Anaerobic
reductive dechlorination (cometabolic) occurs when bacteria incidentally dechlorinate a CAH in the
process of using another electron acceptor to generate energy. Reductive dechlorination theoretically is
expected to occur under most anaerobic conditions, but has been observed to be most effective under
sulfate-reducing anohethanogenicconditions (EPA 1998). As in the case of aerobic oxidation, the

direct mechanisms may biodegrade CAHs faster than cometabolic mechanisms (McCarty and Semprini,
1994) (refer to the following case studies in AppendixEkhanced Bioremediation at the Texas Gulf

Coast Site, Houston, Texas[Texas Gulf Coaddt}lasses Injection at the Avco Lycoming Superfund Site,
Willimasport, Pennsylvanjavco Lycoming]; Anaerobic In Situ Reactive Zone at an Abandoned
Manufacturing Facility, Emeryville, California[EmeryvilleBequential Anaerobic/Aerobic

Biodegradation of PCE at Watertown, Massachusetts[WatertoamBioaugmentation (Accelerated
Anaerobic Bioremediation) at Area 6 of the Dover Air Force Base, Dover, Delaware [Dover Area 6])

Anaerobic Reductive Dechlorination (Direct)

Anaerobic reductive dechlorination (direct) is a biodegradation reaction in which bacteria gain energy

and grow as one or more chlorine atoms on a chlorinated hydrocarbon are replaced with hydrogen
(McCarty 1997b; Fennel and others 1997; Mayo-Gatell and others 1997; Gerritse and others 1999). In

that reaction, the chlorinated compound serves as the electron acceptor, and hydrogen serves as the direct
electron donor (Fennel and others 1997). Hydrogen used in the reaction typically is supplied indirectly
through the fermentation of organic substrates. The reaction is also referrédikoraspirationor
dehalorespiratior(Gossett and Zinder 1997).

Anaerobic reductive dechlorination (direct) has been observed in anaerobic systems in which PCE, TCE,
DCE, VC, and DCA are used directly by a microorganism as an electron acceptor in their energy-
producing redox reactions (Neumann and others 1994; Scholz-Muramatsu and others 1995; Freedman
and Gossett 1989; Yagi and others 1994; Hollinger and Schumacher 1994; Major and others 1991,
McCarty 1997b; Gossett and Zinder 1996; Gerritse and others 1996; DeBruin and others 1992; Maymo-
Gatell and others 1997; Sharma and McCarty 1996; Hollinger 1993; Smatlak 1996; Tandol 1994; Yager
and others 1997). The mechanism generally results in the sequential reduction of a chlorinated ethene or
chlorinated ethane to ethene or ethane. Exhibit 2-13 shows the step-by-step dechlorination of PCE.

The anaerobic reductive dechlorination of the more chlorinated CAHs (PCE and TCE) occurs more
readily than the dechlorination of CAHs that already are somewhat reduced (DCE and VC); for that
reason, DCE and VC may accumulate in anaerobic environments. It also has been observed that, while
VC can be effectively dechlorinated, the presence of PCE in groundwater may inhibit the anaerobic
reductive dechlorination of VC (Tandol and others 1994).

VC is more commonly remediated using aerobic mechanisms than anaerobic mechanisms. In anaerobic
environments in which VC accumulates, enhanced aerobic bioremediation can be implemented to
degrade the VC. Recent studies have demonstrated significant anaerobic oxidation of VC to carbon
dioxide under Feéll)-reducing onditions (Bradley and Chapelle 1998b) and of DCE to VC and VC to
carbon dioxide under humic acid-reducing conditions (Bradley and Chapelle 1998a). These studies
suggest the possibility of alternative biotransformation mechanisms under anaerobic conditions.
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Exhibit 2-13: Anaerobic Reductive Dechlorination of PCE

H, HCI H, HCI H, HCI H, HCI
A A A S
PCE — TCE — DCE — VC — Ethene
Carbon
oxidation +2 +1 0 -1 -2
state
Most oxidized » Most reduced

Source: Modified from DeStephano and others 1992

Hydrogen has been observed to be an important electron donor in anaerobic reductive dechlorination
(Fennell and others 1997). The presence of hydrogen establishes a competition between the bacteria that
mediate the anaerobic reductive dechlorination (suéehsalococcus ethenogenes and Dehalospirillium
multivorang and methanogenic bacteria that also use hydrogen as an electron donor (ITRC 2000).
However, it has been observed that the dechlorinating bacteria can survive at a partial pressure of
hydrogen ten times lower than that at which the methanogenic bacteria can survive (Smatlak and others
1996), thus providing an opportunity to support the dechlorinating bacteria by providing hydrogen at a
slow rate. (Hydrogen addition at a slow rate has been demonstrated with the fermentation of butyric or
propanoic acid) (Fennell and others 1997). In addition, in some subsurface environments, competition
from nitrate or sulfate-reducing bacteria may limit both methanogenic activity and the extent of anaerobic
reductive dechlorination (RTDF 1997).

Studies have shown that anaerobic reduction of CAHs can occur by reductive dechlorination in a variety
of environmental conditions (Beeman and others 1994; Semprini and others 1995). A review of the
transformation of halogenated compounds has shown that the theoretical maximum redox potential for
transformation of PCE to TCE is +580 millivolts and for TCE to DCE is +490 millivolts (Vogel and

others 1987). Therefore, the anaerobic reductive dechlorination of the compounds is thermodynamically
possible under manganese- or iron-reducing conditions. No peer-reviewed reports of the transformation
of PCE to TCE under aerobic conditions were identified. However, the efficiency of the anaerobic
dechlorination processes at high redox potential values is limited; efficiency improves as the redox
potential decreases.

Pilot studies have been conducted at a variety of sites to examine the feasibility of stinmukiting
anaerobic reductive dechlorination by providing to the subsurface simple organic substrates, such as
lactate, butyrate, methanol, ethanol, and benzoate (Harkness and others 1999; Freedman and Gossett
1989:; Gibson and Sewell 1992; Buchanan and others 1997; Becvar and others 1997; Sewell and others
1998; Litherland and Anderson 1997; Spuij and others 1997).

Anaerobic Reductive Dechlorination (Cometabolic)
Anaerobic reductive dechlorination (cometabolic) is a biodegradation reaction in which a chlorinated
hydrocarbon is fortuitously degraded by an enzyme or cofactor produced during microbial metabolism of

another compound. In such a case, biodegradation of the chlorinated compound does not appear to yield
any energy or growth benefit for the microorganism mediating the reaction (Gossett and Zinder 1997).

2-16



Engineered Approaches lio SituBioremediation of Chlorinated Solvents

Several CAHs have been observed to be reductively dechlorinated by cometabolic mechanisms. In those
instances, the enzymes that are intended to mediate the electron-accepting reaction “accidentally” reduce
and dehalogenate the CAH. Anaerobic reductive dechlorination (cometabolic) has been observed for
PCE, TCE, DCE, VC, DCA, and CT under anaerobic conditions (Fathepure 1987; Workman 1997; Yager
and others 1997).

In pilot- and full-scale applications, it is generally difficult to distinguish between direct and cometabolic
anaerobic reductive dechlorination reactions. Both biodegradation mechanisms are referred to more
generally as anaerobic reductive dechlorination. In laboratory-scale applications, direct and cometabolic
anaerobic reductive dechlorination reactions can be distinguished. The role played by anaerobic
reductive dechlorination (cometabolic) in relation to anaerobic reductive dechlorination (direct) remains
under study.

Anaerobic Reductive Dechlorination Combined with Aerobic Oxidation

Several investigators have suggested that the most efficient bioremediation of CAHs will occur in
aquifers that are characterized by an upgradient anaerobic zone and a downgradient aerobic zone
(Bouwer 1994; Carter and Jewell 1993; Gerritse and others 1995; Fathepure and others 1987). In the
upgradient aerobic zone, anaerobic reductive dechlorination of PCE might degrade to TCE, and
eventually to VC. VC could then be degraded by aerobic oxidation (direct) downgradient in the aerobic
zone of the CAH plume (the leading-edge fringe of the plume). Stratified redox conditions in the field
may provide the best opportunities, other than engineered remedies, for intrinsic biodegradation of
CAHSs.

Generally, the substrate requirement for direct metabolism is relatively less than that for cometabolism.
In cometabolism, often the amount of primary substrate required is a factor of 100 to 1,000 times the
amount of the CAH. In direct metabolism (respiration with only the chlorinated solvent as the electron
acceptor), the stoichiometry is much more favorable, and a much smaller amount of supplemental
chemical is required (Bouwer 1994).

2.4.3 Abiotic Degradation Mechanisms

Abiotic degradation mechanisms involve chemical reactions to treat CAHs without biological processes.
These mechanisms include hydrolysis, elimination, and abiotic reductive dechlorination. In general, the
rates of abiotic degradation may be slow relative to biological mechanisms. However, the abiotic
mechanisms may play a significant role in the overall remediation of a site at which CAH contamination
is present, depending on the specific site conditions (for example, a site at which the contaminant plume
is moving slowly) (EPA 1998). Hydrolysis and elimination reactions are generally independent of redox
conditions, while abiotic reductive dechlorination is highly dependent on redox conditions.

Hydrolysis is a substitution reaction in which a CAH may react with water to substitute a chlorine atom
with a hydroxyl group, producing organic alcohols, acids, or diols, such as the formation of acetic acid
from 1,1,1-TCA (Exhibit 2-14). Generally, less chlorinated CAHs are more susceptible to degradation
by hydrolysis. Hydrolysis rates have been reported that have half-lives ranging from days for
monochlorinated alkanes to thousands of years for tetrachloromethane.
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Exhibit 2-14: Example of Hydrolysis Reaction

CI,.C-CH, + 2H,O0 = H.,C-COOH + 3HCI
1,1,1-TCA Acetic Acid

Hydrolysis is a common transformation mechanism for 1,1,1-TCA, chloroethane, and chloromethane,
producing acetate, ethanol, and methanol, respectively (Vogel and McCarty 1987).

Elimination reactions involve the removal of a hydrogen and a chlorine atom (sometimes referred to as
dehydrohalogenation) from a chlorinated alkane, with the formation of the corresponding alkane (Exhibit
2-15). In contrast to hydrolysis reactions, elimination reactions become more effective as the CAHs
become more chlorinated. Assuming that elimination rates for monochlorinated CAHs are negligible, the
abiotic conversion of TCA to DCE at 20 has been reported to exhibit relatively rapid first-order

kinetics, with a rate constant of approximately 0.04 + 0.003'y@&argel and McCarty 1987).

Exhibit 2-15: Example of Elimination Reaction

CI,C-CH, = CI,C=CH, + HCI
1,1,1-TCA 1,1-DCE

Abiotic reductive dechlorination of several CAHs also has been observed (Reinhard and others 1990;
Gillham and O’Hannesin 1994; Workman and others 1997). Abiotic reductive dechlorination occurs in
the presence of an extremely strong reductant (for example, zero-valent iron or reduced vifamin B

When the reductant present is sufficiently strong, the more chlorinated (and, therefore, more oxidized) of
the CAHs (PCE, TCE, CT, and CF) can be reduced to less chlorinated species without the mediation of
bacteria. As in the case of biologically mediated reductive dechlorination, abiotic reductive
dechlorination becomes less effective or ineffective for the less chlorinated CAHs (which already are
reduced somewhat). Exhibit 2-16 shows the general mechanism of abiotic reductive dechlorination
(using zero-valent iron as the reducing agent).

Exhibit 2-16: Example of Abiotic Reductive Dechlorination

CT + 2F¢ = MC + 2Fe?

carbon tetrachloride zero-valent iron methylene chloride  ferrous iron
Iron Oxidation State 0 - +2
Carbon Oxidation State ~ +4 - 0
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3.0 IN SITU BIOREMEDIATION TECHNOLOGIES

In situbioremediation technologies are used to enhance the mechanisms that degrade CAHSs in
contaminated soil and groundwater (discussed in Section 2). Technologies ichudgmentation

and the addition dfiutrients, electron donors(substrates such as toluene, propane, and methane), and
electron acceptors(such as oxygen). Design configurationsnaditu bioremediation systems include
direct injection, groundwater recirculation, installation of permeable reactive barriers (PRBs), and
bioventing.

3.1 TECHNOLOGIES

Generally,n situ bioremediation technologies employ engineered systems to heighten the effects of
naturally occurringlegradation mechanisms. The engineered systems are designed to include one or
more of the following general classes of technologies: the addition of bacteria (bioaugmentation), the
addition of nutrients, the addition of electron donors, or the addition of electron acceptors. Each of the
technologies is discussed below in more detail. Exhibit 3-1 presents a summary of information about
each technology, including an example of how each may be applied, a discussion of the biodegradation
mechanisms generally supported by each, a discussion of the typical CAHSs targeted through the use of
each technology, and a summary of how the enhancement technologies have been applied at the case
study sites included in Appendix A of this report.

Bioaugmentation- involves the addition of supplemental microbes to the subsurface where organisms
able to degrade specific contaminants are deficient. Microbes may be “seeded” from populations already
present at a site and grown in aboveground reactors or from specially cultivated strains of bacteria known
to degrade specific contaminants. The application of bioaugmentation technology is highly site-specific
and highly dependent on the microbial ecology and physiology of the subsurface (EPA 1998).

Nutrient addition— involves the addition of key biological building blocks, such as nitrogen and
phosphorus and other trace nutrients necessary for cell growth. Addition of nutrients generally is applied
as a supplement to bioaugmentation or addition of electron donors or electron acceptors, so that
concentrations of nutrients in the subsurface do not become a limiting factorificsirbioremediation
application.

Electron donor addition- involves the addition of a substrate that acts as a reductant in the redox

reaction used by the CAH-degrading microbe to produce energy. A substrate such as toluene, propane,

or methane may be added to act as a cometabolic oxidant, when the CAH also is oxidized. A substrate
such as hydrogen, a source of hydrogen, or a hydrogen release compound may be added to act as a direct
reductant, when the CAH is reduced.

Electron acceptor additior- involves the addition of oxygen (faerobic mechanisms) or anaerobic
oxidant such as nitrate (for anaerobic mechanisms), which is used by the CAH-degrading microbes
present in the subsurface.

As Exhibit 3-1 shows, one or more of the technologies were used at several of the case study sites. For
example, bioaugmentation was use®aver Area 6 while addition of nutrients was usedSRS, Texas

Gulf CoastWatertownandDover Area 6 Addition of electron donors, such as toluene, propane, or
methane, and an electron acceptor (oxygen) for aerobic cometabolic oxidation were used at the following
five sites:Moffett Field, Edwards AFB, SR&atertownandDover Building 719.Addition of an

electron donor in the form of a hydrogen source, such as methanol, molasses, or lactate, for anaerobic
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Exhibit 3-1: Components ofln Situ Bioremediation Technology

Component

Example

Biodegradation Mechanisms
Supported

Targeted CAHs

Case Study Sites

Bioaugmentation

Seed the subsurface with-native,
CAH-degrading bacteria

Aerobic oxidation (cometabolic and
direct)

TCE, DCE, TCA,
DCA, CA, CT, CF

None

Anaerobic reductive dechlorination|
(cometabolic and direct)

TCA, DCA, CA, CT,
CF,CM

Dover Area 6

Addition of Add nitrogen, phosphorus, or other Aerobic oxidation (cometabolic and TCE, DCE, TCA, SRS; Watertown
Nutrients growth factors that may be deficient in thedirect) DCA, CA, CT, CF
subsurface
Anaerobic reductive dechlorination| TCA, DCA, CA, CT, | Texas Gulf; Dover Area 6
(cometabolic and direct) CF,CM
Addition of Add a substrate, such as toluene, propaph&erobic oxidation (cometabolic) TCE, DCE, TCA, | Moffett Field; Edwards AFB; SRS;
Electron Donors | or methane CF, MC Watertown; Dover Building 719
Add hydrogen, a hydrogen source, or a | Anaerobic reductive dechlorination| PCE, TCE, DCE, Texas Gulf; Avco Lycoming; Emeryville;
hydrogen release compound (cometabolic and direct) VC, TCA, DCA, CA, | Watertown; Dover Area 6
CT, CF, MC
Addition of Add oxygen by bioventing, biosparging, | Aerobic oxidation (direct) TCE, DCE, VC, Moffett Field; Edwards AFB; SRS;
Electron or adding an oxygen source such as TCA, DCA, CA, CE, | Watertown; Dover Building 719
Acceptors hydrogen peroxide MC, CM

Add an anaerobic reductant such as nitr.

hte  Anaerobic reductive dechlorin

(cometabolic)

AtROE, TCE, DCE,

VC, DCA, CT

None

Source: ITRC, 1998; Leeson, 1999; Sewell, 1998; U.S. Air Force, 1998
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reductive dechlorination was used at the following five siiessxas Gulf Coast, Avco Lycoming,
Emeryville, WatertowrandDover Area grefer to these case studies in Appendix A).

3.2 DESIGN APPROACHES

The components af situ bioremediation technologies components described above can be implemented

in several different general configurations: direct injection, groundwater recirculation, permeable

reactive barriers (PRBs), and bioventing. In additiorsjtu bioremediation may occur naturally, without

the application of enhancement technologies. The latter approach is one component of the approach EPA
refers to as monitored natural attenuation (MAABecause MNA does not use enhancement

technologies, it is not discussed in detail in this report.

Exhibit 3-2 includes a summary of the purpose, advantages, and potential limitations of direct injection,
groundwater recirculation, PRB, and bioventing systems, described below, and lists the case study sites
included in Appendix A at which the configuration was used. Exhibit 3-3 shows the general layouts of
the configurations, often referred to as amendment delivery systems. The configurations include use of
vertical wells, horizontal wells, and trenches for both injection and extraction of groundwater, or for
injection of amendments. Biological, nutrient, electron donor, or electron acceptor amendments are
injected in a liquid or a gaseous phase.

Direct injection system degradation is enhanced through the addition of microbes, nutrients, oxidants,
or reductants directly into the aquifer at injection points or directly into the soil. The natural flow of the
groundwater generally is not impeded, but is monitored to determine that the degradation of the

contaminants and their daughter products is completed within an acceptable distance from the source.

The case study sites at which direct injection into groundwater was useg®yé\vco Lycomingnd

Emeryville. At SRS methane (gas) and air were injected below the water table using a “lower”

horizontal well located at a depth of 175 ft below ground surface (bgs). An “upper” horizontal well,

located at a depth of 80 ft bgs, was used to extract air and contaminated vapors from the vadose zone. At
Avco Lycominga molasses solution was injected through 20 four-inch diameter wells completed in the
overburden. Molasses was added twice each day at various concentrations and rates, as the results of
monitoring the system indicated were appropriate.

Groundwater recirculation- extracts contaminated groundwater from the site, adding to or amending the
extracted wateex sity and reinjecting the “activated” water to the subsurface, generally upgradient of

On April 21, 1999, EPA issued a final policy on the use of MNA at Superfund, RCRA corrective action, and
underground storage tank (UST) sites (Directive Number 9200.4-17P) available at
http://www.epa.gov/swerustl/directild200417.htm. The purpose of the directive was to clarify EPA’s policy
regarding the use of MNA for the remediation of contaminated soil and groundwater at sites regulated under the
Superfund, RCRA, and UST programs.

As defined in the directive, MNA is the reliance on natural attenuation processes (within the context of a carefully
controlled and monitored site cleanup approach) to achieve site-specific remedial objectives within a time frame
that is reasonable, compared with that offered by other, more active methods. The processes that are at work in
such a remediation approach include a variety of physical, chemical, or biological processes that, under favorable
conditions, act without human intervention to reduce the mass, toxicity, mobility, volume, or concentration of
contaminants in soil or groundwater. Siretsitu processes include biodegradation; dispersion; dilution;

sorption; volatilization; and chemical or biological stabilization, transformation, or destruction of contaminants.
Other terms associated with MNA in the literature include “intrinsic remediation,” “intrinsic bioremediation,”
“passive bioremediation,” “natural recovery,” and “natural assimilation.”
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the contaminated zone. As an alternative, extraction and injection are performed at different elevations
in a single well, creating vertical circulation. A groundwater recirculation configuration may be used to
provide containment of a plume or to allow the addition of amendments in a more controlled
environment.

The case study sites at which groundwater recirculation was usktbtiett Field, Edwards AFB, Texas
Gulf Coast, WatertowrgndDover Area 6. The project amMoffett Fieldwas one of the earliest field
demonstrations dh situ bioremediation. Th&dwards AFBproject was conducted by the group of
researchers who had conductedMudfett Fielddemonstration, who built upon the results obtained from
the earlier project. AMoffett Field groundwater was extracted from one well, amended chemically, and
reinjected at another well located 6 meters (m) from the extraction well. The wells, screened in a sand
and gravel layer approximately 4 to 6 m bgs, created induced-gradient conditions in the aquifer. At
Edwards AFBa two-well recirculation system was constructed; the system created separate bioactive
zones in upper and lower aquifers. One well was used to extract groundwater from the lower aquifer,
amend it chemically, and reinject the groundwater into the upper aquifer. The other well was used to
extract groundwater from the upper aquifer, amend it chemically, and reinject the groundwater into the
lower aquifer. The wells were spaced 10 m apart, and screened between approximately 6 and 24 m bgs.

At Texas Gulf Coasthe project used a recirculation system that consisted of an alternating series of four
extraction and four injection trenches spaced 100 ft apart. Extraction trenches were completed to a depth
of approximately 20 to 22 ft bgs, and injection trenches to a depth of approximately 10 ft bgs. At
Watertowna recirculation cell that covered a surface area of approximately 10 ft by 20 ft was

constructed; the cell had three extraction wells and three injection wells, each screened from 13 to 20 ft
bgs. The extraction wells were located at the downgradient end of the cell, and the injection wells at the
upgradient end. Abover Area 6a hydraulically-controlled cell that covered a surface area of
approximately 40 ft by 60 ft was constructed; the cell had three extraction wells and three injection wells,
each screened from 13 to 20 ft bgs. The field demonstration conduttedeaitArea Gncluded the

addition of an aqueous culture of non-indigenous microbes to the groundwater (bioaugmentation).

PRBs- an active bioremediation zone is created by such methods as backfilling a trench with nutrient-,
oxidant-, or reductant-rich materials, or by creating a curtain of active bioremediation zone through direct
injection or groundwater recirculation at the toe of a plume. PRBs contain a contaminant plume by
treating only groundwater that passes through it. PRBs are an emerging design approach fior use of

situ bioremediation. To date, application of PRB#tsitu bioremediation of CAHs has been limited to
demonstration tests (ITRC 1997).

None of the case studies included in this report involved the use of a PRBitorbioremediation of

CAHs; however, research has been conducted on the use of such configurations. At the Waterloo Center
for Groundwater Research at the University of Waterloo, in Ontario, Canada, a treatment system
consisting of a trench (backfilled with sand) was used in a demonstration test at a site with groundwater
contaminated with CAHs. In that system, water was extracted from the pore spaces of the wall, amended
with nutrients angubstrate, and reinjected into the wall over a short period of time (a few hours). After
reinjection had been completed, the pumps were shut off, and the nutrients were transported out of the
wall under natural groundwater flow conditions (as a “slug”). The slug of amended groundwater mixed
with surrounding groundwater, and a zone developed in which microorganisms received a continuous
supply of the nutrients required to support biodegradation (Devlin and Barker 1994).

Bioventing - the process of aerating soils to stimulatsitu biological activity and promote

bioremediation. In this process, oxygen is delivered to unsaturated soils by forced air movement (either
extraction or injection of air) to increase oxygen concentrations and stimulate biodegradation.
Bioventing uses low air flow rates to provide only enough oxygen to sustain microbial activity, with
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oxygen most commonly supplied through direct air injection. Bioventing is commonly used for treatment
of fuel-contamination in the vadose zone (EPA 1995).

At Dover Building 719an air-sparge blower was used to inject a mixture of air and propane through
three injection wells screened to a depth of 10 ft bgs. The Dover Building 719 site is a field
demonstration of bioventing, at which treatment is limited to the soil above the water table.

Exhibit 3-2: Bioremediation System Configurations

Configuration

Purpose

Case Study
Examples

Applicability/
Advantages

Potential Limitations

Direct injection

To enhance the
biodegradation of

SRS, Avco Lycoming,

Emeryville, Dover

Less aboveground
equipment needed

¢ Difficult to control
dispersion of

recirculation

contaminated
groundwater plume
and enhance the
biodegradation of
contaminants in the

Edwards AFB, Texas

Gulf Coast,
Watertown, Dover
Area 6

contaminants in place| Building 719 than forex situ amendments in

in soil and systems aquifer

groundwater ¢ Regulatory
concerns about
discharge of
chemicals to
groundwater

Groundwater To contain the Moffett Field, Can provide ¢ Reinjection of

containment of the
plume

Allows controlled
amendment of

contaminated
groundwater may b
complicated
because of
regulatory concerns

biodegradation of
contaminants in the
vadose zone

recirculation area groundwater e Silt build up in
recirculation wells
reduces
effectiveness of
systems
PRB To contain the None Less aboveground| ¢ Treats only
contaminated equipment needed groundwater that
groundwater plume than forex situ passes through the
and degrade systems barrier
contaminants in
groundwater that pass
though the barrier
Bioventing To enhance the Dover Building 719 Less aboveground| ¢ Bioventing must be

equipment needed
than forex situ
systems

Treats
contaminated soil

coupled with a
groundwater
treatment
technology (such a:
biosparging) to
remediate any
contaminated
groundwater

Source: ITRC, 1998; Leeson, 1999; Sewell, 1998; U.S. Air Force, 1998
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Exhibit 3-3: In Situ Bioremediation System Configurations

Direct Injection

Supplements ‘

Injection ‘
Well

' ot 1 o

Permeable
H H Permeable
Reactive Barrier Reactive
Barrier
Groundwater
. . Supplements
Recirculation
Injection Extraction
Well - Well
- = 9K
- = 2480

Source: Modified from USAF 1998
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3.3 VENDORS OFIN SITU BIOREMEDIATION

This section presents summary information about vendadnssitiu bioremediation technologies,

including contact information and a brief overview of the technology, including information about
biodegradation mechanisms and full-scale units. Vendarssitu bioremediation technologies were
identified from EPA REACH IT (<www.epareachit.org>), a comprehensive database maintained by EPA
about innovative site characterization and remediation technologies. Vendors voluntarily submit
information for inclusion in the database. As such, this list of vendors reflects those firms that are
currently participating in EPA REACH IT, and may not include all vendois situ bioremediation
technologies. It is also important to note that the information in Exhibit 3-4 is based on information
provided by the vendors, and was not independently verified for this report.

As Exhibit 3-4 shows, EPA REACH IT lists 118 situbioremediation vendors. These vendors offer
methods using several typesimfsitu bioremediation mechanisms and technologies at sites contaminated
with CAHs:

. Aerobic oxidation (cometabolic)or anaerobic reductive dechlorination
biodegradation mechanisms
. Direct injection or bioventingioremediation technologies

In addition, more than 130 full-scale units were reported in design, 30 units were being constructed, and
120 units were completed. These units were used to treat 